ABSTRACT A vertical gel electrophoresis apparatus is described which can distinguish DNA fragments differing by single base pair substitutions. The system employs a homogenous polyacrylamide gel containing ureaformamide and a temperature gradient which runs either perpendicular or parallel to the direction of electrophoresis. The temperature-gradient system simplifies several features of the denaturant-gradient system (1) and is relatively inexpensive to construct. Eight homologous 373 bp DNAs differing by one, two, or nine base pair substitutions were examined. DNA electrophoretic mobility changed abruptly with the temperature induced unwinding of DNA domains. GC to AT substitutions at different locations within the first melting domain, as well as an AT to TA transversion were separated with temperature gradients parallel to the electrophoretic direction. The relative stabilities of the DNAs observed in the gels were compared to predictions of DNA melting theory. General agreement was observed however complete correspondence was not obtained.
INTRODUCTION
Denaturing gradient gel electrophoresis (DGGE) can separate two DNA fragments which differ in sequence by one base pair (1) (2) (3) . The method employs a gradient of denaturing solvent in a polyacrylamide gel. Its ability to separate homologous sequences is attributed to two physical properties of DNA: the effect of base pair sequence on the helix-coil or 'melting' transition, and the electrophoretic mobility of duplex DNA with single stranded regions. Theoretical and experimental studies of the melting transition in solution show that DNA tends to unwind in a series of cooperatively melting domains (4, 5) . A DNA moving in a polyacrylamide gel with a gradient of denaturing solvent migrates until it reaches a denaturant concentration which induces a domain to unwind. At this point the mobility of the DNA abruptly decreases probably because of entanglement of its branched structure in the gel matrix. DNAs which differ in the stability of their first melting domain unwind at different positions in the gel.
In this work we introduce a method analogous to DGGE, vertical temperature-gradient gel electrophoresis (TGGE). This approach simplifies several features of the denaturing gradient system. A temperature gradient replaces the need for a gradient of denaturing solvent in the gel. The large buffer reservoir employed in DGGE is not required. It is relatively inexpensive to construct. A horizontal temperature-gradient system has been introduced by Rosenbaum and Reisner (6) .
We have employed the temperature-gradient system to examine eight 373 bp DNAs differing by base substitutions. It is shown that single base pair substitutions, including an AT to TA transversion, can be detected. The resolving power of the system appears to be similar to that of DGGE. Decreasing the size of the temperature gradient increases the separation distance between DNAs. Previous results with the denaturing gradient gels suggested a close correspondence between the stability of DNA in gels and DNA melting theory (1, 2) . We have examined this correspondence with the temperature-gradient system. The relative thermal stabilities of the 373 bp DNAs in the gels were compared to the stabilities predicted by DNA melting theory. Two sets of stacking parameters available from solution studies were employed. The general features of DNA melting in the gel are predicted, however the detailed order of stability observed in the gel is not in agreement with predictions. The evaluation of stacking interactions using the thermal gradient gels is discussed.
DGGE has been used to detect base changes in human globin genes (7, 8) , and to map in vitro generated mutations (9) . Recent modifications of the technique in which GC rich segments are synthesized onto fragment ends improve its potential as a tool for detecting DNA polymorphisms (10) . The temperaturegradient system provides a simplified apparatus for these applications. The temperature gradient produced by the heating blocks was checked for linearity and uniformity at two temperature settings of the water circulators, 32°C/28°C and 44°C/18°C. A thermistor probe (-0.5°C) inserted into a gel determined the gel temperatures at different depths and horizontal positions. For both of the above temperature settings the gradient in the gel was linear and uniform within the region covered by the blocks. 6.5% polyacrylamide gels (Sigma Chem. Co.) were employed with an acrylamide to bis-acrylamide ratio of 37.5/1. Gels were prepared by mixing two 6.5% acrylamide solutions with small volumes of ammonium persulfate and TEMED. The solvent of one acrylamide solution was 0.5 TBE ( 0.045 M sodium borate + 0.045 M Tris + 1mM EDTA pH 8.1). The solvent of the second solution was 0.5 TBE, 7.0 M urea and 40% formamide (v/v). The latter solvent is referred to as the '100% denaturing solvent'. Gels contained 58 % 'denaturing solvent'. The electrophoresis buffer was 0.5 TBE. Both 0.8 mm or 1.5 mm thick spacers were used between the glass plates. Gels were prepared from stock solutions in a manner similar to conventional polyacrylamide gels (15 
MATERIALS AND METHODS

DNA
Calculation of Thermal Stability Properties
The model of the DNA helix-coil transition was used to calculate the thermal denaturation behavior of the DNA fragments (4, 5, 14) . In addition to predicting the melting curve for a given DNA sequence (eg. figure 3a) , the calculation can also produce melting profiles for the base pairs in a DNA sequence (figure 3b). A melting profile displays the probability that the nl base pair of the sequence is melted, 0(n), at a given temperature. From a three dimensional display of melting profiles at a series of temperatures the lengths and locations of cooperatively melting domains can be visualized. The calculation of the melting profiles assumes that strand dissociation is negligible.
The nearest neighbor stacking parameters were from McCampbell et al. (14) , and Gotoh and Tagashira (16) . All other parameters, such as the loop entropy factor, strand dissociation parameters etc. were from McCampbell et al. (14) . When only the first melting domain is of concern the dissociation parameters and loop entropy terms do not significantly influence theoryexperiment comparisons. A solvent condition of 0.1 M Na+ was assumed. Since Gotoh and Tagashira obtained their parameters in 0.02 M Na+, an extrapolation was made to compare the calculations under a similar condition. Their parameters were extrapolated to 0.1 M Na+ by scaling TAT and TGc, the average Tm's of AT and GC base pairs (17) . All of the mutations except for pUC31-12 fall entirely within the first melting domain. The calculations employed the base pair stacking parameters from McCampbell et al. (14) . The Gotoh and Tagashira (16) parameters gave similar results but with different Tm's for the domains. These findings suggested that mutations in the ctc region should be distinguishable from the wild type sequence by electrophoresis of 373 bp DNAs in a temperature-gradient gel.
Electrophoresis With A Perpendicular Temperature Gradient The temperature-gradient system was first examined with a gradient perpendicular to the direction of electrophoresis. RsaI/EcoRI digests of pUC8-3 1 DNA were layered across one long lane at the top of the gel and electrophoresed. Figure 4 shows results obtained with the low temperature side of the gel at 18°C and the high temperature side at 44°C. The three DNA fragments from the digest undergo mobility transitions as a function of gel temperature. Two transition steps are observed for the 373 bp DNA and the 676 bp DNA. The first melting domain of the 676 bp DNA occurs between the first and second domains of the 373 bp DNA. The general behavior of the DNAs is similar to results obtained from solvent-gradient gels (2), and temperature-gradient gels run horizontally (10) .
A gradual increase in mobility is observed for the 676 bp DNA prior to the onset of the large mobility decrease. This phenomena may be due to the effect of temperature on the average pore size of the polyacrylamide gel. A gradual mobility increase was also observed in the data presented with a horizontal temperaturegradient system (6) . It is not apparent in the solvent-gradient gels which are maintained at a constant temperature (2 The relative distances between the 373 bp DNAs from pUC8-36, pUC8-15, and pUC8+3 were quite small and their order were difficult to determined with a 1OC gradient gel. Gels with temperature gradients of 4°C were employed to increase the separation between the DNAs. Although the separation between the above three DNAs remained small (see below), the pUC8+3 DNA consistently moved further in the shallower gradient. The mutant DNAs from pUC8-36 and pUC8-15 were still not separable. Their mobilities were regarded as identical.
The experiment depicted in figure 5 employed a temperature gradient from 26.5'C to 36.5'C. The distances separating the mutant 373 bp DNAs from the wild type sequence are plotted vs the predicted Tm differences in figure 6 . The circles correspond to calculations using the McCampbell parameters and the triangles correspond to calculations using the Gotoh Tagashira parameters. The 676 bp DNA was used as an internal standard for the distance measurements. Data for pUC8-12 obtained with similar gels was also included. Both parameter sets suggest a linear correlation between D and ATm. Discussion of this data is presented later.
AT, ( OC) The resolving power of the vertical gel system was examined as a function of the size of the temperature gradient. The 373 bp fragments from plasmids pUC8-31 (wild type), pUC8-5 and pUC8 + 3 were electrophoresed using temperature gradients from 2°C to 16°C. The midpoint temperature in the gel was 31.5°C. Figure 7 plots the distances between the wild type DNA and these two mutant DNAs as a function of the temperature gradient. As expected the distances increase with shallower gradients. The displacements between the mutant fragments and the wild type DNA roughly double from a gradient of 16°C to 2°C. The displacements observed for two DNAs differing by a single base pair, 0.5-1.4 cm, are similar to results obtained using solventgradient gels with other DNAs (1,2) . Figure 8 shows a 4°C gradient gel of RsaI/EcoRI digests of seven of the pUC8 plasmids. The distances separating the mutant 373 bp DNAs from the wild type sequence is increased relative to figure 5. Of particular interest is the 373 bp DNA from pUC8-12 in lane 7. This DNA has an AT to TA transversion altering the sequence TAT to TTT (figure 1). It moved further into the gel than the wild type 373 bp DNA in lane 2, and is thus more thermally stable. This change in stability is consistent with previous analyses of AT polymers (18) and oligomers (19) . The TpT base pair stack has a lower free energy and is thus more stable than the average of the ApT and TpA base pair stacks (Table I) . DISCUSSION Applications A vertical temperature-gradient gel system has been described which can detect single base pair differences in DNA duplexes. Applications similar to those pioneered by Lerman and coworkers (1-3) with denaturing solvent-gradient gels can be explored with this system. The temperature-gradient system may be more convenient since it avoids the requirements of a solvent gradient in the gel, and a large volume buffer reservoir. It also provides an easy way to alter the melting range in the gel.
The vertical system complements the horizontal-temperature gradient system described by Rosenbaum and Reisner (6) . Advantages and disadvantages of these two systems appear to parallel conventional electrophoretic systems. The vertical system can distinguish between two DNAs which have the same base pair change at different locations, and can detect a single base pair transversion. A vertical thermal gradient system applied only across the direction of migration was described by Thatcher and Hodson (20) . In addition to applications in molecular biology, the system we have described will also be useful for evaluating the thermodynamic parameters of base pair stacking.
Thermodynamic analysis
The data from figure 6 may be used to illustrate the evaluation of base pair stability parameters. Since the mutations we have examined in the 373 bp DNAs do not change the predicted sizes of the melting domains, the partially denatured DNAs should have the same mobilities. Distances between the DNAs should be related to their thermal stabilities. The scatter of the data points about the line in figure 6 indicates that neither stacking parameter set completely reproduces the order of stability observed in the temperature-gradient gels.
Adjustments to the parameters which improve the linear fit can be used to suggest a new set of satisfactory parameters 
